CCR5 encodes a cell surface chemokine receptor molecule that serves as the principal coreceptor, with CD4, for HIV-type 1 (HIV-1). Varied HIV-1 susceptibility and time to progression to AIDS have been associated with polymorphisms in CCR5. Many of these polymorphisms are located in the 5 cis-regulatory region of CCR5, suggesting that it may have been a target of natural selection. We characterized CCR5 sequence variation in this region in 400 chromosomes from worldwide populations and compared it to a genome-wide analysis of 100 Alu polymorphisms typed in the same populations. Variation was substantially higher than expected and characterized by an excess of intermediate-frequency alleles. A genealogy of CCR5 haplotypes had deep branch lengths despite markedly little differentiation among populations. This finding suggested a deviation from neutrality not accounted for by population structure, which was confirmed by tests for natural selection. These results are strong evidence that balancing selection has shaped the pattern of variation in CCR5 and suggest that HIV-1 resistance afforded by CCR5 5 cis-regulatory region haplotypes may be the consequence of adaptive changes to older pathogens.
M
ore than 30 million adults are infected with HIV type 1 (HIV-1), and AIDS is the leading cause of death in some nations (1) . However, not everyone exposed to HIV-1 becomes infected, and of those infected, the time of progression to AIDS and death varies substantially. This variation is caused, in part, by a combination of environmental, viral, and host factors that influence exposure and mediate the host response to HIV-1. Understanding the genetic determinants of the host response has been one of the major areas of investigation of AIDS researchers over the last decade.
The initial entry of HIV-1 into a cell requires the expression of two receptors on the cell surface, CD4 and CC chemokine receptor 5 (CCR5), a 7-transmembrane G-protein-coupled chemokine receptor (2) . The role of CCR5 in the pathogenesis of AIDS was highlighted by the observation that individuals who were homozygous for a 32-bp deletion in the ORF of CCR5 (i.e., CCR5-⌬32) were relatively resistant to infection with HIV-1 (3) . Subsequent studies confirmed that polymorphisms in the coding region of CCR5 that cause reduced or absent cell-surface expression of CCR5 lead to diminished susceptibility to HIV-1 infection (4). Yet, the few polymorphisms that affect cell-surface expression of CCR5 exist at very low frequencies and are virtually population-specific (5, 6) . Thus, they account for little of the variation in disease risk in most individuals and populations.
This observation, in part, motivated further characterization of polymorphisms in the 5Ј cis-regulatory region of CCR5 (7) . Several of these were associated with varying susceptibility to HIV-1 infection and disease progression (8) . However, some of them were in strong linkage disequilibrium (LD) with one another. As a consequence, assigning function to a particular nucleotide site was challenging, and single-site association studies sometimes came to contradictory conclusions (9) . To overcome this problem, we and others defined CCR5 5Ј cisregulatory region haplotypes and used them to demonstrate that common CCR5 haplotypes were associated with varying HIV-1 disease progression (10) (11) (12) . Some of these haplotypes were associated with similar effects across populations, whereas others were associated with delayed or accelerated disease progression depending on the population in which they were tested (11) . Collectively, these findings suggested that the 5Ј cis-regulatory region of CCR5 might have been a target of natural selection.
To test for a signature of selection, we sequenced Ϸ1.1 kb of the CCR5 5Ј cis-regulatory region ( Fig. 1 ) from each of 180 chromosomes from the National Institutes of Health (NIH) DNA Polymorphism Discovery Resource, hereafter called the ''NIH'' panel and from 224 chromosomes sampled from Africans, Asians, and Europeans, hereafter called the ''Old World'' panel. To assess interspecies phylogenetic relationships, we compared these data to CCR5 sequences obtained from chimpanzees (56 chromosomes) and a gorilla. ated by using the PHRED, PHRAP, and CONSED programs (13) . Potential heterozygotes were identified by using the POLYPHRED version 3.5 program (14) . Polymorphisms were verified by manual evaluation of the individual sequence traces. For most polymorphisms, it was possible to evaluate both the forward and the reverse sequences.
Statistical Analysis. Allele frequencies for each single-nucleotide polymorphism (SNP) were determined by gene counting, and the significance of deviations from Hardy-Weinberg equilibrium (HWE) was tested by using a random permutation procedure implemented in the Arlequin package (15) , which is available at http:͞͞anthropologie.unige.ch͞arlequin. None of the SNPs showed a significant departure from HWE in any of the continental populations. Genetic differentiation among population samples was estimated with the F ST statistic, which measures the fraction of total genetic variation that is distributed among rather than within populations.
Two measures of diversity were estimated for each panel and the continental populations (Africans, Asians, and Europeans). Because of their distinct geographic location and history, the samples from the Indian subcontinent were treated as a fourth population. Genetic diversity under mutation-drift equilibrium model was assessed by using , an estimate of the expected per-site heterozygosity (16) , and , the direct estimate of per-site heterozygosity derived from the average pairwise sequence difference (17) . A difference in diversity estimates between Africans and non-Africans is notable in W because rare variants, of which there were 3 in Africans, contribute more to W than to . Genetic diversity measured by the number of segregating sites and W is higher in the Old World panel compared with the NIH panel (Table 1) . However, the average nucleotide diversity () is higher in the NIH panel than the Old World panel (Table 1 ). (18) , was used to compare the observed number of haplotypes in each sample to the number expected under the assumption of an infinite sites model of mutation without recombination. Statistical significance was based on 5,000 simulated samples.
Autosomal Alu polymorphisms used for estimating a genomewide F ST value were amplified by using conditions specifically optimized for each system. Further information on these conditions is available at www.genetics.utah.edu͞ϳswatkins͞pub͞ Aluprimers.htm. The complete data set of genotypes from all 100 autosomal loci is available in the Appendix. It would also be insightful to compare the F ST from the CCR5 5Ј cis-regulatory region to the distribution of single-locus F ST estimates from regions resequenced in continental populations. However, data are available from fewer than a handful of resequencing studies.
Pairwise LD between each pair of SNPs was measured with the parameter, D, calculated as D ϭ P ij -p i p j , where P ij is the frequency of the most common gametic type for a pair of sites. and p i and p j are the frequencies of the nucleotides in that haplotype and DЈ, an estimate of D standardize by D max , DЈ ϭ D͞D max using ARLEQUIN (15) . All pairs of SNPs exhibited significant LD. Haplotype frequencies were estimated by using a version of the expectation maximization (EM) algorithm provided in the Arlequin package (15) . This procedure has been shown to yield reliable estimates of haplotype frequencies (19) . In particular, the EM approach should work well in small regions with a high degree of LD, a high proportion of homozygotes, and a sample size of Ͼ100 chromosomes (20) . All of these conditions are present in the data analyzed here. Additionally, all haplotypes were confirmed by identification of individuals who were homozygous for each SNP or sequencing of clones containing CCR5 haplotypes from individuals heterozygous for a singleton.
The mutational relationships among the CCR5 haplotypes were depicted by constructing rooted networks using the chimp as an outgroup species. Networks constructed by using the neighbor-joining, parsimony, and maximum likelihood methods had a similar topology to the minimum-spanning (MS) network (15) . The MS algorithm unambiguously links haplotypes that differ by one or more mutation steps and employs a frequencybased compatibility criterion to choose among equally likely mutational paths linking haplotypes. When parallelisms cannot be resolved, the ambiguity is depicted as a reticulation.
Results and Discussion
The density of SNPs in the CCR5 5Ј cis-regulatory region was Ϸ1.5-2 times higher than in most previously sequenced noncoding regions and regulatory regions (ref. 21 (24); and higher than has been reported in most studies of noncoding autosomal regions (22) . There are several possible explanations for these observations. There is evidence that and SNP density are positively correlated with region-specific recombination rates (25). Yet, the recombination rate at 3p21.31, the region in which CCR5 is located, is estimated to be 0.66 centimorgan (cM)͞Mb, well below the genomic average of 1.0-1.5 cM͞Mb (26). The higher observed for the 5Ј cis-regulatory region of CCR5 could be caused by a higher mutation rate or a lower level of selective constraint. This is unlikely, however, because the divergence between the human and chimpanzee CCR5 sequence, 7 fixed differences, is roughly half the average 1.4% divergence estimated from other loci (27) . Thus, none of these explanations is adequate.
Higher than expected levels of can also be found in regions influenced by balancing selection. In this circumstance, genetic variation accumulates in alleles that are the target(s) of selection as a consequence of genetic hitchhiking. Because balancing selection can maintain an excess of alleles at intermediate frequencies, the variation accrued on these alleles also accumulates in a population (28) . For example, the elevated estimates of within the antigen-presenting HLA class I and II genes and flanking noncoding regions have been attributed to balancing selection (29) .
If the elevated estimates of for CCR5 were the result of balancing selection favoring intermediate-frequency alleles, the pattern of diversity among populations should be atypical of human loci as well. In most studies of neutral markers, including mitochondrial DNA (30) , Y chromosome polymorphisms (31), autosomal short tandem repeats (32) , and Alu polymorphisms (33), genetic diversity is substantially greater in Africans. However, in the CCR5 5Ј cis-regulatory region is virtually the same in each population (Table 1) , though the number of segregating sites and W (expected per-site heterozygosity) was highest in Africans. Nearly equal values in Africans and Asians have been found in a few regions of the genome. This includes a 3-kb interval encompassing the ␤-globin gene, for which there is compelling evidence that balancing selection has influenced the surrounding genetic variation (34) .
Multiallelic loci under balancing selection favoring intermediate-frequency alleles are expected to show a very different pattern of sequence diversity compared with neutral loci (35) . Balancing selection increases within-deme diversity relative to total diversity because alleles are kept in more equal frequencies compared with a neutral locus, and an allele newly introduced into a population by migration will be positively selected. This increases its chances of survival compared with a neutral allele. Both of these processes are expected to lower population differentiation, as measured by F ST , compared with neutral loci.
The F ST for the 5Ј cis-regulatory region of CCR5 among Africans, Asians, and Europeans was 0.016, not significantly different from zero (P Ͼ 0.09). This was nearly 10-fold lower than typical estimates of F ST (0.15) among continental populations in large surveys of neutral loci (22, 33) and lower than all reported resequenced regions (see selected references in ref. 13 ). Among groups within each continent, F ST was highest for the pooled African populations (0.032). Even in Africans, however, F ST was considerably below the within-continent F ST values typical of neutral loci (22) and was not significantly different from zero (P Ͼ 0.14). Thus, there is no evidence of significant differentiation within or among the continental populations.
The magnitude of the reduction in F ST caused by balancing selection depends on the selection intensity and can be estimated by comparing the locus of interest to neutral loci. When the average F ST for neutral loci among populations is Ͻ0.1, only strong selection on any particular locus is likely to be detectable (35) . We compared the F ST in the 5Ј cis-regulatory region of CCR5 to the F ST estimated from 100 selectively neutral Alu polymorphisms assayed in the same individuals. The F ST for the Alu polymorphisms among populations was 0.073, significantly different from zero (P Ͻ 0.001). This is similar to a recently reported F ST of 0.071 based on resequencing of 40 loci on 80 chromosomes from different continental populations (D. J. Cutler, personal communication). These F ST estimates are probably an accurate reflection of the evolutionary and demographic forces averaged across the entire genome, and both are roughly 5-fold higher than the F ST for the CCR5 sequences. Thus, it is difficult to attribute the very low F ST estimates for the CCR5 5Ј cis-regulatory region to population structure alone, suggesting that another force, such as balancing selection, has affected the distribution of diversity in the CCR5 5Ј cis-regulatory region.
Population genetics theory predicts that natural selection should lead to a molecular signature in the region surrounding the target of selection. One such signature is a shift in the allele frequency spectrum. If the action of selection is directional, mutations that do occur are expected to exist at low frequency, skewing the spectrum of allele frequencies to the left. Because rare alleles are more likely to be retained in an expanding population, such a shift can also be caused by population growth. The allele frequency spectrum of most genetic systems is skewed to the left, a trend that has been interpreted as evidence for a population expansion (21) . In contrast, balancing selection can result in an excess of intermediate-frequency alleles and a shift in the spectrum of allele frequencies to the right.
The allele frequency distributions for the total Old World panel, NIH panel, and subdivided Old World panel (i.e., Africans and non-Africans) are shown in Fig. 2 . For each of the SNPs, the major allele is fixed in chimpanzees and gorilla, so the minor allele was inferred to be the derived state. For both total panels and the Africans, the site frequency spectrum has a bimodal distribution consistent with the presence of predominantly two types of polymorphisms, rare variants and intermediatefrequency variants. However, most of the rare variants are found only in Africans. For non-African populations, the distribution is skewed to the right by an apparent excess of intermediatefrequency polymorphisms.
The allele frequency distribution can be used to test hypotheses about the action of natural selection by applying two test statistics, Tajima's D and Fu's Fs. A negative value of D or Fs reflects a relative excess of rare variants, whereas a positive value of D or Fs reveals a relative excess of intermediate-frequency alleles as expected under a model of population subdivision or balancing selection. A recent survey of more than 300 human genes found that 90% of them had a negative Tajima's D value (36) . In contrast, estimates of D for the CCR5 5Ј cis-regulatory region were positive for the Old World panel, non-Africans, and each individual population. These values were significantly greater than zero in Asians, Europeans, Indians, and pooled non-Africans (Table 1) , and higher than 99% of the more than 320 D values reported in humans (26, 32) . A similar deviation from neutrality was observed by using the Fs statistic (Table 1) .
Tajima's D and Fu's Fs are known to lack power to detect selection (37) . For example, they failed to detect a departure from neutrality for at least 2 loci for which there is compelling evidence of selective effects, ␤-globin (34) and the Duffy blood group locus (38) . The observation that these test statistics did detect a departure from neutrality in the CCR5 5Ј cis-regulatory region underscores the strength of the signal of selection.
A more powerful test of selection compares the frequencies of polymorphisms within a species to the level of divergence between species. If the level of interspecific divergence between two species is similar for two genes (suggesting the mutation rates are the same) and each is undergoing neutral evolution so that the fate of new mutations is determined by only genetic drift and effective population size, then their levels of intraspecific polymorphism are also expected to be similar. This comparison has been developed formally as the Hudson͞Kreitman͞Aguade test (39) .
We performed the Hudson͞Kreitman͞Aguade test (using a program kindly provided by Jody Hey, Rutgers Univ.) by comparing polymorphism and divergence levels in the 5Ј cisregulatory region of CCR5 against those found in the 3.7-kb noncoding sequence 5Ј of CYP1A2 assayed in the same individuals. The null hypothesis was that the same neutral parameters fit both loci. The test yielded a 2 ϭ 4.8 (P Ͻ 0.03), reflecting a significant departure from neutrality across both loci. This result indicates that CYP1A2 and the 5Ј cis-regulatory region of CCR5 have different patterns of polymorphism and divergence, so variation in either gene could have been affected by natural selection while the other remained neutral. However, the pattern of genetic variation in the CYP1A2 promoter is typical of most human loci (i.e., ϭ 0.00047 and highest in Africans; D ϭ Ϫ1.15), compared with an average ϭ 0.0006 and D ϭ Ϫ0.97 estimated from 313 genes (36) . Hudson͞Kreitman͞Aguade tests comparing the CCR5 5Ј cis-regulatory region to recently published data from 10 kb of noncoding Xq13.3 ( 2 ϭ 4.131; P Ͻ 0.0421) and Ϸ65 kb from 3 loci on the Y chromosome ( 2 ϭ 10.758; P Ͻ 0.001) also indicated a significant departure from neutrality (40, 41) .
One effect of balancing selection is to preserve two or more lineages over an extended period, resulting in a genealogy with two or more clusters separated by long branch lengths (42) . In contrast, population growth leads to the retention of new lineages and a star-like genealogy. If population growth has occurred in addition to balancing selection, then evidence of both may be present. To examine the genealogy of CCR5, we identified 13 CCR5 5Ј cis-regulatory region haplotypes (Table 2) and built a MS network. The topology of this network (Fig. 3) was relatively unambiguous (i.e., there are only two reticulations, both of which involve low-frequency haplotypes), a pattern consistent with the high levels of LD between sites (data not shown). Each haplotype with a frequency Ͼ1% in the Old World panel (Table 2 ) was recognized previously in our classification of CCR5 haplotypes (11, 12) .
The MS network (Fig. 3) illustrates that 5 SNPs separate the CCR5 haplotypes into 2 major clusters: SNPs Ϫ2554, Ϫ2132, and Ϫ2086 define cluster 1, and SNPs Ϫ2459 and Ϫ2135 define cluster 2. One of each of the two most common haplotypes (i.e., 7 and 9) is found in each cluster, and these haplotypes are separated by a relatively long branch of 7 mutation steps. The mean pairwise sequence divergence between these clusters is 4.8. Thus, the estimated divergence age between clusters is Ϸ2.1 ϫ 10 6 years. This deep genealogical structure is extraordinary in light of evidence from analyses of many other genetic systems that reveal a star-like genealogy consistent with the hypothesis of a human population expansion at the end of the Pleistocene (43) . One explanation for this finding is that the effects of balancing selection at some loci have been obscured by population growth (43), a view supported by an analysis of synonymous versus nonsynonymous SNPs in more than 50 genes (50) . Nevertheless, at CCR5, the signature of balancing selection remains apparent.
Finally, we used Rogers' mismatch test (44) to analyze the pairwise differences among the CCR5 5Ј cis-regulatory region haplotypes. Under population growth or directional selection, the distribution of pairwise differences, or mismatch distribution, is smooth and unimodal (44) . In contrast, the mismatch distribution is multimodal or ragged under balancing selection or a stationary population size. For most loci studied to date in continental populations, the frequencies of pairwise haplotype distances exhibit this unimodal distribution (21) . The distribution of pairwise haplotype distances between CCR5 haplotypes, however, is multimodal (Fig. 4) . The level of raggedness of this distribution was highly significant (P Ͻ 0.001). This finding is consistent with two or more divergent haplotypes being maintained within a population by balancing selection. Balancing selection necessarily involves some type of rareallele advantage. Two major types of selection that feature rare-allele advantage are generalized over-dominance and negative frequency-dependent selection. In generalized overdominance, heterozygotes maintain a selective advantage over homozygotes, and thus the rare alleles benefit from their representation in the heterozygotes. This type of selection is thought to maintain the high levels of allelic variation observed at the MHC locus (29) , an insight derived largely from functional data demonstrating that MHC heterozygotes can present an expanded spectrum of antigens to T cells compared with MHC homozygotes. This is germane in light of the observation that heterozygosity of CCR5 5Ј cis-regulatory region haplotypes from different clusters is strongly associated with a delay in HIV-1 disease progression, whereas homozygosity is associated with accelerated disease progression (10, 11) .
The introduction of HIV-1 into human populations occurred too recently to explain the observed pattern of variation in CCR5. It is plausible, however, that heterozygosity for the CCR5 5Ј cis-regulatory region conferred selective advantages to hosts exposed to other pathogens over the gene's long history. This observation is consistent with the finding that chemokine receptors such as CCR5 and the Duffy antigen on the surface of blood cells are targets that appear to have been exploited by many different pathogens (45) . Thus, HIV-1 resistance provided by CCR5 5Ј cis-regulatory region haplotypes might be the result of adaptive changes to older pathogens (e.g., smallpox) (46) . This analysis of the CCR5 5Ј cis-regulatory region underscores the complexity of testing for the effects of selection at multiple levels (i.e., on a single polymorphism, between species, within species). Previous studies have demonstrated that directional selection has rapidly increased the frequency of at least one polymorphism in the coding region of CCR5 (i.e., CCR5-⌬32) in Northeastern Europeans (47), and we reported evidence of directional selection acting on the NH 2 terminus of CCR5 among different species of primates (12) . The overall impact of selection on the CCR5 5Ј cis-regulatory region among human populations appears to have been different. This is reminiscent of the pattern of selective forces acing on the MHC locus where directional selection has influenced the frequency of individual alleles, particularly new alleles, while overall allelic diversity is maintained by balancing selection (48) . This finding also has different implications for designing and interpreting association studies using CCR5 5Ј cis-regulatory haplotypes. For example, it may be important to compare haplotype type pairs from cluster 1 vs. Fig. 3 . A reduced median network of the 13 unique CCR5 5Ј cis-regulatory region haplotypes found in the Old World panel. Haplotypes are also labeled according to the nomenclature we reported previously (refs. 11 and 12, and see Table 2 ). The size of each node is proportional to the haplotype frequency in the Old World panel, and the frequency of each haplotype within each continental population is indicated by the varied colors within each node. Branch lengths represent one nucleotide substitution, except where noted in parentheses. Dashed lines indicate alternate topologies of equal length. Haplotype 1, indicated with an asterisk, had the highest number of ancestral character states, differing from the chimpanzee consensus sequence by 7 nucleotide sites. This finding suggests that it may be the oldest lineage in the human sample and the root of the genealogy. It is also more common in Africans than any other continental population (Table 2) , it is the most frequent haplotype in Africans, and it reaches a peak frequency of more than 70% (n ϭ 68) in Mbuti Pygmies (11) . Fifty percent of the CCR5 haplotypes in Asians are within 2 mutation steps of haplotype 1. Thus, although the CCR5 haplotypes in Africans are the most diverse and closest to the root, there is a substantial amount of haplotype diversity in Asians that is close to the root as well. Fig. 4 . Pairwise mismatch distribution CCR5 haplotypes, constructed by counting the number of differences between all pairs of the 224 haplotypes in the Old World panel. Mismatch distributions from populations that have expanded in the absence of natural selection and͞or population subdivision are expected to be unimodal. In contrast, the pairwise mismatch distribution of CCR5 haplotypes is multimodal, consistent with the two major clusters containing haplotypes existing at appreciable frequencies in all continental populations. The mode at 0 nucleotide differences is caused by comparisons within haplotypes 7 and 9, the two most common haplotypes. The mode at haplotype 2 is caused by comparisons among haplotypes within clusters 1 and 2 in the MS network (Fig. 3) , and the mode at haplotype 5 resulted from comparisons of haplotypes between clusters 1 and 2. Counts of haplotypes in each cluster for each of the continental populations were nearly identical ( 2 ϭ 2.85; P Ͼ 0.42). Thus, geographic isolation does not explain the depth of the split between clusters 1 and 2.
cluster 2 (Fig. 3) or weight haplotypes by their evolutionary distance from one another.
The impact of selection may have also varied between coding and noncoding regions of CCR5. Such disparate effects of selection on coding versus noncoding regions have also been reported for the MHC, although in contrast to the pattern at CCR5, it is the coding regions that have been influenced by balancing selection (48) . It is possible, however, that despite the differences in transcriptional activity conferred by CCR5 5Ј cis-regulatory region haplotypes (12) , they are in LD with other polymorphisms that may also be targets of selection.
Noncoding regions such as cis-regulatory sequences perform important functions, and there is evidence that they evolve rapidly by point mutations (49) . These point mutations can be associated with important phenotypic effects that help to drive evolutionary change. Yet, little is known about the relative importance of variation in the regulatory sequences of human genes, how they differ between populations, and what insights they can reveal about human evolutionary history. Deeper investigation of these regions should provide new insights about the design of association studies, the relationship between genetic variation and phenotypes (normal and disease-related), and the evolutionary history of humans.
